ABSTRACT Heterogeneous networks (HetNets) consisting of macrocells overlaid with small cells (e.g. femtocell, picocell, microcell, and relay) are conceived as an appealing technology to cope with the explosive growth of service traffic in future cellular networks. However, the backhaul limitation has become a bottleneck in HetNets, which affects the network performance and users' quality of experience. Wireless edge caching that caches popular contents at the network edge (e.g., base stations (BSs)) can effectively unblock the bottleneck and further unleash the potential of HetNets. In this paper, considering a cacheenabled two-tier HetNet, we resort to the stochastic geometry theory to model and analyze the energy efficiency performance of the HetNet with closed-access policy under cochannel and orthogonal channel deployment scenarios. Specifically, the exact closed-form expressions of outage probability, throughput and energy efficiency are derived, respectively. Numerical results show that the larger small-cell local cache capability may not always lead to higher network energy efficiency due to the caching power cost. The results also show that with a given cache capacity for small cells, there exists an optimal small BS density that maximizes the network energy efficiency.
I. INTRODUCTION
The recent proliferation of smartphones has substantially enriched the mobile user experience, leading to a vast array of new wireless services, including multimedia streaming, web-browsing applications and social networking. This phenomenon has been further fueled by mobile video streaming, which currently accounts for almost 55% of mobile data traffic, with a projection of 500-fold increase over the next 10 years [1] . At the same time, social networking is already the second largest traffic volume contributor with a 15% average share [2] . Both mobile video streaming and social networking are mobile broadband services in cellular networks. As a result, Cisco Systems predicted a staggering 53% compound annual growth rate (CAGR) for global mobile cellular data traffic from 2015 to 2020: a 10-fold increase, and it will be grow to 30.6 exabytes per month by 2020 [1] . These statistics and predictions clearly suggest that future cellular networks will face the challenge of supporting massive traffic volumes, and some experts predict that 5G networks (the next generation cellular networks) need a 1000x increase in the total data capacity demand. This new phenomenon has urged mobile operators to redesign their current networks and seek more advanced and sophisticated techniques to boost network capacity.
Among these research activities, the heterogenous network (HetNet) is proposed as a promising approach to meet these unprecedented traffic demands. HetNets represent a novel networking paradigm based on the idea of deploying more short-range, low-power, and low-cost small base stations (SBSs) underlaying the macrocellular network. These small cells will offload users from the congested macrocells to enhance their quality of service (QoS) and increase the overall network capacity. HetNets can increase the area spectrum efficiency and capacity, which largely relies on highspeed backhaul links. Although optical fiber can provide high capacity, bringing fiber-connection to every single SBS is rather labor-intensive and expensive. Alternatively, digital subscriber line (DSL) or microwave backhaul may easily become a bottleneck and frustratingly impair the throughput gain brought by the network densification [3] .
Recently, it has been observed that a large portion of mobile data traffic is generated by many duplicate downloads of a few popular contents [4] , [5] . Take for example some popular TV shows, viral videos with millions of views, news blogs and online streaming. Under this condition, the wireless network has to deliver the same content multiple times which in turn cause high latency and congestion. Meanwhile, the storage capacity of todays memory devices grows rapidly at a relatively low cost. Motivated by these facts, the idea of cache-enabled HetNets is proposed in [6] , in which the SBSs with low-rate backhaul links (or even completely without backhaul) but high capacity storage units are in charge of delivering the contents to the users. Caching at SBSs has become an important means to tackle the backhaul bottleneck and reduce the latency of service in HetNets [4] .
A. RELATED WORK
Most recently, cache-enabled HetNets have been drawing much research attention and become the research hotspot [7] - [14] . Li et al. in [7] developed a framework for modeling the cache-enabled HetNets with the aid of a factor graph, and designed a distributed caching optimization algorithms via belief propagation (BP) for minimizing the downloading latency. In [8] , a coded caching-and-delivery scheme was proposed to enable content pre-fetching prior to knowing user demands. A optimal cooperative content caching and delivery policy was developed for SBSs and users with storage units in [9] . A probabilistic caching strategy was proposed for cache-enabled HetNets in [10] , and the successful download probability was obtained. The file transmission success probability of cooperative transmission among SBSs with cache capability was analyzed in [11] . In [12] , considering a cache-enabled three-tier HetNets, the authors investigated the average ergodic rate and outage probability in the downlink transmission. Cui et al. in [13] proposed a hybrid caching and multicasting policy in cacheenabled HetNets, and derived the tractable expressions for the success transmission probability.
Energy efficiency (EE) is another important metric of wireless networks. There has been some works focus on the study of energy efficiency of cache-enabled HetNets. For instance, [15] showed that introducing cache can improve the EE if the file catalog size is not indenitely large and placing the cached content at SBSs is more energy ecient. [16] and [17] presented energy ecient resource allocation schemes for a network with energy harvesting SBSs equipped with wireless backhaul and local storage. In [18] , a joint caching and base station activation policy for saving energy in a heterogeneous cellular networks had been proposed. [19] presented a optimal MDS-encoded caching scheme to maximize the energy efficiency of cache-enabled HetNets. A cache-enabled HetNet with the control-plane (C-plane) and user-plane (U-plane) split was proposed in [20] , and the energy efficiency was also evaluated utilizing stochastic geometry theory. The energy efficiency performance of cache-enabled HetNets with pushing was analyzed in [21] .
B. OUR WORK AND CONTRIBUTIONS
Although above mentioned prior works have greatly improved our understanding on cache-enabled HetNets, the problem of modeling and analysis cache-enabled HetNets with closed access strategy under different spectrum deployment strategies has not been addressed. Motivated by these key observations, in this paper, we explore the energy efficiency aspects of cache-enabled HetNets from the point of view of the SBSs density and the cache ability. Both these are signicant in terms of deployment as well as maintenance costs. Specifically, considering a cache-enabled two-tier HetNets, we utilize stochastic geometry theory to model and analyze the energy efficiency performance of the HetNet with closed access strategy under co-channel and orthogonal channel deployment scenarios. We derive expressions for quantities such as outage probability and throughput of the cell edge users, and take these into account while defining the key system performance metrics, namely the Energy Eciency. Our key contributions of this paper can be summarized as follows: 1) We utilize the stochastic geometry theory to model and analyze the energy efficiency of cache-enabled HetNets with closed access policy under co-channel and orthogonal channel deployments. 2) We theoretically derive the exact closed-form expressions for outage probability, throughput and energy efficiency. 3) Numerical results show that larger small-cell local cache capability may not always leads to higher network energy efficiency due to the caching power cost, and there exists an optimal small BSs density that maximizes the energy efficiency.
C. ORGANIZATION
The remainder of this paper is organized as follows: Section II propose an cache-enabled two-tier HetNet with closed access mode, and the network, cache, energy consumption models are introduced. In Section III, key performance metrics are defined and analyzed based on stochastic geometry theory. Numerical results are presented from various aspects in Section IV, and conclusions are summarized in Section V.
II. SYSTEM MODEL
In this section, we describe our network, channel, cache and energy consumption models. For ease of reading, we summarize the notation used throughout in Table 1 .
A. NETWORK MODEL
We consider a two-tier HetNet consisting of one macro base station (MBS) and a number of small base stations (SBSs), as illustrated in 1. Both MBS and SBSs are configured storage units (i.e. cache). The storage capacity of MBS and SBS are defined as N m and N s , respectively. The broadband connection to MBS and these SBSs is provided by a central scheduler (CS), and the connection from the CS to the core network is via a limited backhaul link (e.g. microwave link).
The closed-access policy is assumed, which indicates that any unregistered mobile users cannot access to small-cell networks even if they are more closed to small cells. The co-channel and orthogonal channel deployment strategies are considered in this work. It is assumed that the serving area of macrocell is a circle with radium R m , and the transmit power of MBS is P m . The macrocell is overlaid with small cells with radium R s , which are spatially randomly distributed on R 2 according to a homogeneous poisson point process (HPPP) = {l i ; i = 0, 1, 2, 3, . . .} with intensity λ s , where l i denotes the location of the ith small cell. One SBS and several smallcell users (SUs) are composed of a small cell, and all SBSs transmit signals with the same power P s . All nodes are equipped with a single antenna and operate in half-duplex mode. Assume that the radius of macrocell is much bigger than that of small-cell, thus the distance between MBS and SU can be approximated the distance between MBS and serving SBS of SU. It is noted that we concentrate on the case where the intra-macrocell interference is dominant in this paper, and the inter-macrocell interference is not considered. The effects of inter-macrocell interference will be explored in future research.
B. CHANNEL MODEL
A general power-law path loss model is considered, thus the signal power decays at the rate r −α with the distance r, where α is the path-loss exponent (the value of α is typically in the range of 2 to 4 [22] ). It is assumed that both the macrocell and small-cell tiers have the same path-loss exponent. Besides the path loss model, the Rayleigh fast fading model is also considered. Therefore, the received power experienced at the typical mobile user due to the base station x is given by P x |x| −α g x , where g x is the fading power coecient (or square of the fading amplitude) of the channel between the base station x and the typical user. Note that the independent and identically distributed (i.i.d.) Rayleigh fading on all links are modelled as an exponential distribution with unit mean. Without any loss in generality, the background noise at all receivers are modeled as an additive white Gaussian noises (AWGN) with variance σ 2 .
C. CACHE MODEL
In the cache-enabled HetNet, the popular contents can be cached in the storage disk of MBS and SBSs, which helps to reduce the latency of service and the burden of backhaul links. Both MBS and SBSs cache users most popular files given in a catalog. Denoting the total number of files in the content library as N f , and the size of each file in the catalog has a length of L bits. The file popularity distribution of the catalogue is modeled as Zipf distribution, and the probability of the f − th ranked requested content by users is
where the parameter v is the shape parameter of the popularity distribution. We assume that the popularity distribution is identical among all users. Instead of caching content uniformly at random, as mentioned before, we focus on storing the most popular content according to the popularity ranking. The MBS is cached with the most popular N m /L files, and all SBSs are configured to storage the identical most popular N s /L files. Hence, the cache hit probability of MBS and SBS can be respectively calculated as
If the requested content is cached in the local cache, the user can immediately obtain the content from the local disk. The delivery rate is determined by the SINR of the downlink channel. On the contrary, if the requested content is not cached in the local storage unit, the user will get the content from the service server via the backhaul link. Under this condition, the delivery rate will be limited by the backhaul capacity.
The backbone backhaul to the core network is limited, and the backhaul capacity is shared by the macrocell and multiple small cells. In this work, it is assumed that the macrocell and all small cells occupy equal fraction of backhaul resources. Therefore, the backhaul capacity of the macro/small cell can be modeled as
where C 1 > 0 and C 2 ≥ 0 are arbitrary coefficients, so that the delivery rate of service obtained from service server in the Internet via backhaul is smaller than that from local disk. This assumption comes from the fact that the backhaul capacity is limited in the ultra dense deployment scenarios.
D. POWER CONSUMPTION MODEL
In this paper, we investigate the energy efficiency performance of cache-enabled HetNets. To that aim, we need to estimate the overall energy consumption due to the transport and storage of files in the HetNet. In particular, the overall power consumption of the network can be divided into three parts:
• Base Station Power Consumption According to [23] , the power consumption of base station can be denoted as P b = ξ P t + P c , where P t is the data transmitting power, and ξ represents the power consumption factor which scales with the transmitting power. P c denotes the static part of power consumed by BS. According to the model, the power consumption of MBS and SBS are:
• Caching Power Consumption According to [24] , the caching power consumption is related to the number of data cached in the local disk. The caching power consumption of macro cell and small cell can be expressed as
where ρ is power efficiency coefficient of caching hardware.
• Backhaul Power Consumption Taking into account of the microwave backhaul link in the considered HetNet, according to [25] , the backhaul power consumption can be modelled as
where ω is the power consumption per backhaul capacity, and B m and B s denote the throughput of backhaul link in macrocell and small cell, respectively.
III. PERFORMANCE ANALYSIS
In this section, we first utilize stochastic geometry theory to analyze the coverage performance, power consumption, and throughput of macrocell and small cells under co-channel and orthogonal channel deployment scenarios. Then, based on the power consumption and throughput, we further investigate the energy efficiency performance of the cache-enabled two-tier HetNet.
A. OUTAGE PERFORMANCE ANALYSIS 1) OUTAGE PERFORMANCE UNDER CO-CHANNEL DEPLOYMENT
Under co-channel spectrum deployment, MBS and SBSs use the same spectrum to transmit data simultaneously. Although it can achieve high spectrum efficiency, there will introduce serious cross-tier interference between macro cell and small cell. Taking into account the downlink transmission, the received SINR of a macro user located at the cell edge is (11) where g m is the fast fading gain between the macro user and MBS following exponential distribution with unit mean.
im g im is the cumulative cross-tier interference caused by surrounding SBSs. g im and d im are the fast fading gain and the distance between the SBS at l i and MBS, respectively. The fast fading gain g im follows exponential distribution with unit mean.
According to the definition of outage, an outage event occurs while the received SNIR below the target SINR m . Therefore, the outage probability of macro cell can be expressed as
Lemma 1: The outage probability of the macro user at cell edge under co-channel spectrum deployment is given by
For small-cell users, its downlink transmission is not only interfered by the intra-tier interference from other surrounding SBSs, but also the cross-tier interference from MBS. Therefore, the received SINR of the small-cell user at cell edge can be written as γ s = P s R −α s g s σ 2 + I ms + I ss (14) where I ms = P m d −α ms g ms denotes the inter-tier interference from MBS, g ms and d ms are the fast fading gain and the distance between the MBS and the small-cell user, respectively.
is g is denotes the intra-interference from surrounding SBSs. g is and d is are the fast fading gain and the distance between the SBS at l i and a typical SBS at the origin, respectively.
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Hence, the outage probability of small cell due to the SINR falling below the reception threshold s can be written as
Lemma 2: The outage probability of small-cell user at the cell edge under co-channel spectrum deployment is given by
where the function F 1 (, ; ; ) is the Gaussian hyper-geometric function.
Proof: See Appendix B.
2) OUTAGE PERFORMANCE UNDER ORTHOGONAL CHANNEL DEPLOYMENT
Under orthogonal channel deployment, the macrocell and the small cell is operating on orthogonal spectrum resources, which avoids the cross-tier interference. Hence, the received SINR of a macro user at cell edge can be expressed aŝ
For the given target SINR m , the outage probability of the macro user is given bŷ
From the expression (18), it is observed that the parameters of small cells (e.g. the transmit power and the density of small-cells) do not affect the outage performance of macrocell under orthogonal channel deployment.
For the downlink transmission in small cells, the intrainterference among those small cells will occur due to these small cells working on the same spectrum. Hence, the received SINR of a small-cell user at cell edge is written aŝ
As a result, while the target SINR is s , the outage probability of the small-cell user can be obtained aŝ
where the last equality follows from the Laplace transform of I ss , and E denotes calculating the expectation.
B. THROUGHPUT
In the cache-enabled two-tier HetNet, for a macrocell/ small-cell user located at the corresponding cell, its throughput may vary under following two categories of conditions:
• While the content requested by the user is cached in the local disk, the delivery throughput T hit is determined by the SINR of the downlink channel.
• While the content requested by the user is not cached in the local disk, the delivery throughput T miss is limited by the backhaul capacity. Hence, according to the total probability theory, the average throughput of the user can be expressed as
where P hit denotes the probability of event that the requested content is stored in local cache, and P miss is the probability of event that the requested content is not cached in local disk.
1) THROUGHPUT UNDER CO-CHANNEL DEPLOYMENT
For a macrocell user, while the requested content is cached in the local disk, the throughput of macro cell is
On the other case, if the required content is not stored in the local cache, the content can be obtained from service server in Internet via the backhaul. Under this condition, the throughput of macro cell is 
With the similar means, the average throughput of a small cell under co-channel deployment is given by
Finally, the total amount of average throughput is the sum of the throughput from all the cells in the area, and it can be written as 
wherê
The energy efficiency of the cache-enabled HetNet is defined as the ratio of the total network throughput to the energy consumption, with the unit of bits/Joule.
In order to derive the energy efficiency, we should first calculate the energy consumption. As above mentioned, the energy consumption can be divided into three parts. Under the condition of co-channel deployment, the base station energy consumption of the macrocell and small cell are
where ξ m and ξ s are the power coefficients of macro and small base station, P m c and P s c are the static power consumption of macro and small base station.
The cache capacity of macro and small base station is N m and N s , respectively. Therefore, the caching energy consumption of macro and small cell can be expressed as follows:
The backhaul throughput of macro and small cell is 1 − P m hit T m miss and 1 − P s hit T s miss , and the backhaul energy consumption of macro and small cell is given by 
Taking into account of these three parts, the overall energy consumption of the macro cell is
The overall energy consumption of the small cell is
For the macro cell coverage area, the total energy consumption is the consumed energy sum of macro and small cells.
Finally, according to the definition, the energy efficiency of the studied cache-enabled HetNet under co-channel deployment can be expressed as
Similarly, under orthogonal channel deployment, the energy efficiency is calculated aŝ
whereP A is obtained based on (38) by carefully substituting the parameters for the co-channel deployment with the orthogonal channel deployment (i.e., P m out →P m out and P s out →P s out ).
IV. NUMERICAL RESULTS
In this section, numerical results are presented to evaluate energy efficiency performance of edge caching for the heterogeneous network depicted in Fig. 1 . Meanwhile, we discuss the impact of related system parameters on the performance metrics. For ease of reading, we reproduce in Table 2 the numerical values used throughout our numerical analysis. The outage performance of the cache-enabled HetNet under orthogonal channel deployment is illustrated in Fig. 2 . From this figure, it is clearly observed that the outage probability of small cells increases with small cell density, but the outage performance of macro-cell keep unchanged with the increase of λ s . The reason is that there is not inter-tier interference, but the intra-interference among small cells is still existing. Fig. 3 shows the outage performance of macro-cell and small-cell under co-channel deployment. we can observe that the outage probability of macro-cell and small-cell decreases with λ s . The reason is that both inter-tier interference and intra-tier interference increase with the increasing of λ s . From Fig. 3 we can also find that the effect of the density of small cells on the outage performance of macro cell is bigger than small cell. Fig. 4 and Fig. 5 illustrate the variation of the throughput of macrocell and small cell with respect to the SBS density λ s . We can find that the throughput of both macrocell and small cell decreases when the SBS density increases. The backhaul capacity is shared by all cells, as the number of SBSs increases, the backhaul capacity of each cell reduces, so that the delivery throughput of macro and small cell decreases with λ s . Furthermore, the intra-interference and intra-interference will become more serious as SBSs density increases, which also reduces the throughput.
In Fig. 6 and Fig. 7 , network energy efficiency is compared between the cache-enabled HetNet and the conventional HetNet without cache. With the increase of λ s , the energy efficiency increases initially benefitting from the network densification, and then decreases because of the backhaul limited and the increase of power consumption. There is existing a optimal λ s that maximizes the energy efficiency, which indicates that network densification does not always VOLUME 5, 2017 improve the energy efficiency. Moreover, it can also be observed that larger small-cell cache ability may leads to lower network energy efficiency under the condition of small λ s (e.g. λ s < 8 × 10 −5 in this paper), which is because the caching energy consumption increases faster than the backhaul energy consumption when the small cells is caching a large number of files. In addition, Fig. 6 and Fig. 7 also indicate that the energy efficiency of the cache-enabled HetNet under orthogonal channel deployment is better than that under co-channel deployment.
The impact of the file population related parameter v on the network energy efficiency is illustrated in Fig. 8 and Fig. 9 . It is observed that the network energy efficiency improves with the increase of v. It is indicated that the network energy efficiency can also be improved while the few most popular files requested by users are cached at the network edge.
V. CONCLUSION
This paper utilizes the statistic tool of stochastic geometry to model and analysis the energy efficiency performance of a cache-enabled two-tier HetNet with closed access policy under co-channel and orthogonal channel deployment scenarios. The exact closed-form expressions of outage probability, throughput, and energy efficiency are derived. The relationship between the energy efficiency performance and some key parameters of the studied network is also evaluated. Numerical results show that larger cache capability in small cell not always leads to higher network energy efficiency, and there is an optimal density of small cells to maximize the network energy efficiency. This work provides essential understanding for successful deployment of cache-enabled HetNets.
APPENDIX A PROOF OF LEMMA 1
The outage probability expression can be transformed into 
where the last equality follows from the fact that g m is a exponentially distributed random variable (RV) with unit mean. Furthermore, according to stochastic geometry theory [26] , the Laplace transforms with respect to the random variables I sm can be calculated as E exp (−sI sm ) = exp −2π λ f 
where the first equality follows from the definition of the probability generating function (PGFL) of HPPP. Then, substituting the result in (42) into (41), the outage probability expression (13) can be obtained.
APPENDIX B PROOF OF LEMMA 2
The expression of P s out can be transformed into 
Hence, in order to get the exact closed-form expression of P s out , we firstly derive the Laplace transform of inter-tier interference I ms . Considering that the radius of macro-cell is much bigger than that of small-cell, thus the distance d ms between MBS and the small-cell user can be approximated as the distance between MBS and the corresponding serving SBS of the user. Furthermore, SBSs are randomly distributed in the area according to a HPPP. Therefore, the PDF of d ms can be approximated as 
Finally, substituting (45) and (47) into (43), the exact closed-form expression of outage probability P s out can be obtained.
